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Abstract
I study the possibility of directly detecting Ultra-high energy (UHE from now on) WIMPs
by the IceCube experiment, via the WIMPs interaction with the nuclei in the ice. I eval-
uate galactic and extragalactic UHE WIMP and astrophysical and atmospheric neutrino
event rates at energy range of 10 TeV - 10 PeV. I assume UHE WIMPs χ are only from
the decay of superheavy dark matter φ, that is φ → χχ¯. If the lifetime of superheavy
dark matter τφ is taken to be 5× 10
21s, WIMPs can be detected at energies above O(40-
100)TeV in this detection. Since UHE WIMP fluxes are actually depended on τφ, if
superheavy dark matter can decay to standard model particles (that is τφ is constrained
to be larger than O(1026-1029)s), UHE WIMPs could not be detected by IceCube.
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1 Introduction
It is indicated by the Planck data with measurements of the cosmic microwave
background that 26.6% of the overall energy density of the Universe is non-baryonic
dark matter [1]. Weakly Interacting Massive Particles (WIMPs from now on),
predicted by extensions of the Standard Model of particle physics, are a class
of candidates for dark matter [2]. They are distributed in a halo surrounding a
galaxy. At present, one mainly searches for thermal WIMPs via direct and indirect
detections [3–10]. Because of the very small cross sections of the interactions
between the thermal WIMPs and nucleus (maybe O(10−47 cm2)) [5, 7], so far one
has not found dark matter yet.
It is a reasonable assumption that there exist various dark matter particles in
the Universe. Then it is possible that this sector may comprise of non-thermal
components. And these particles may also contain a small component which is
relativistic. Although the fraction of these relativistic dark matter particles is small
in the Universe, their large interaction cross sections (including between themselves
and between them and the Standard Model (SM from now on) particles) make it
possible to search for them. Due to the reasons mentioned above, one has to shift
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more attention to direct and indirect detection of UHE WIMPs. In fact, one has
discussed the possibility of searching for UHE dark matter particles in Ref. [11–13].
There is a non-thermal dark sector generated by the early Universe with its
bulk comprised of a very massive relic φ in the Universe. This superheavy dark
matter [14–18] decays to another much lighter WIMPs χ and its lifetime is greater
than the age of the Universe. This lead to a small but significant flux of relativistic
WIMPs [12,19,20,22,23]. Actually, a few anomalous events may be UHE signatures
of a beyond SM particle in the recent observations from the IceCube and ANITA
experiments [24, 25].
In the present work, I only focus on direct detection of the UHE WIMPs χ
induced by the decay of superheavy dark matter φ (φ → χχ¯). These relativistic
WIMPs χ, which pass through the Earth and ice and interact with nuclei, can be
detected by a detector like IceCube. In this detection, the main contamination is
from astrophysical and atmospheric neutrinos.
In what follows, I will estimate the UHE WIMP and neutrino event rates at
IceCube. And it is discussed the possibility of direct detection of UHE WIMPs
induced by the decay of superheavy dark matter at IceCube.
2 UHE WIMPs flux from the Galaxy and Extra Galaxy
I consider a scenario where the dark matter sector is composed of at least two
particle species in the Universe. One is a co-moving non-relativistic scalar species
φ, with massmφ > 10 TeV, the other is much lighter particle species χ (mχ ≪ mφ),
due to the decay of φ, with a very large lifetime. And χ comprises the bulk of
present-day dark matter. Since I assume the superheavy dark matter φ does not
decay to SM particles, the constraint on the φ lifetime are only those based on
cosmology [27–30], that is τφ ≥ 10
17s. In the present work, τφ is taken to be
5× 1021s [12].
The UHE WIMPs flux is composed of galactic and extragalactic components.
So the total flux ψχ = ψ
G
χ + ψ
EG
χ , where ψ
G
χ and ψ
EG
χ are the galactic and extra-
galactic fluxes, respectively. The UHE WIMPs flux from the Galaxy is obtained
via the following equation [12, 20]:
ψGχ = F
G
∫ Emax
Emin
dNχ
dEχ
dE (1)
with
FG = 1.7× 10−8cm−2s−1 ×
1026s
τφ
×
1TeV
mφ
cm−2s−1sr−1. (2)
Its zenith angle distribution is similar to the one of the galactic UHE neutrino flux
at IceCube(see Fig.1 in Ref. [21]) in the present paper.
The UHE WIMPs flux from the extra galaxy is obtained via the following
equation [12, 20]:
ψEGχ = F
EG
∫ Emax
Emin
dE
∫
∞
0
dz
1√
ΩΛ + Ωm(1 + z)3
dNχ
dEχ
[(1 + z)Eχ] (3)
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with
FEG = 1.4× 10−8cm−2s−1 ×
1026s
τφ
×
1TeV
mφ
cm−2s−1sr−1. (4)
where z represents the red-shift of the source, ΩΛ = 0.685 and Ωm = 0.315 from the
PLANCK experiment [1].
dNχ
dEχ
= δ(Eχ −
mφ
2
), where Eχ and Nχ are the energy
and number of UHE WIMP, respectively.
3 UHE WIMP and neutrino interactions with nuclei
In the present paper, I take a Z’ portal dark matter model [31, 32] for WIMPs to
interact with nuclei within the IceCube zone (see Fig.1). In this model, a new
Z’ gauge boson is considered as a simple and well-motivated extension of SM (see
Fig.1(a) in Ref. [12]). And the parameters in the model are taken to be the same as
the ones in Ref. [12], that is, the interaction vertexes (χχZ’ and qqZ’) are assumed
to be vector-like, the coupling constant G (G = gχχZgqqZ) is chosen to be 0.05
and the Z’ and χ masses are taken to be 5 TeV, 10 GeV, respectively. Theoretical
models that encompass WIMP spectrum have been discussed in the literature
in terms of Z or Z’ portal sectors with Z’ vector boson typically acquiring mass
through the breaking of an additional U(1) gauge group at the high energies (see
Ref. [31, 32]). The UHE WIMP interaction cross section with nucleus is obtained
by the following function(see Fig.1(b) in Ref. [12]):
σχN = 6.13× 10
−43cm2
(
Eχ
1GeV
)0.518
(5)
For neutrinos at the energy range of 10 TeV - 10 PeV, the interaction cross
sections with nucleus are are given by simple power-law forms from Ref. [33]:
σνN(CC) = 1.17× 10
−36cm2
(
Eν
1GeV
)0.459
(6)
σνN (NC) = 3.78× 10
−37cm2
(
Eν
1GeV
)0.472
(7)
where Eν is the neutrino energy.
Then the above equations show that σχN is smaller by 6-7 orders of magnitude,
compared to σνN , at the same energies. The WIMP and neutrino interaction length
can be obtained by
Lν,χ =
1
NAρσν,χN
(8)
where NA is the Avogadro constant, and ρ is the density of matter, which
WIMPs and neutrinos interact with.
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4 Evaluation of the numbers of UHE WIMPs and
neutrinos detected by IceCube
IceCube is a km3 neutrino telescope and can detect three flavour neutrinos via
detecting the secondary particles, that in turn emit Cherenkov photons, produced
by the interaction between neutrinos and the Antarctic ice [25]. UHE WIMPs
reach the Earth and pass through the Earth and ice, meanwhile these particles
interact with matter of the Earth and ice. Cherenkov Photons are produced by
cascades due to UHE WIMPs interaction with nuclei within the IceCube (see Fig.
1). A small part of these photons will be detected by the IceCube detector. Since
the UHE WIMP interact with the nucleus in the ice and this is very similar to
deep inelastic scattering, its secondary particles develop into a cascade at IceCube.
The numbers of UHE WIMPs and neutrinos, (Ndet)χ,ν, detected by IceCube can
be obtained by the following function:
(Ndet)χ,ν = R× T ×
∫ Emax
Emin
∫ 1
cosθmax
(AΩ)eff (cosθ)Φχ,ν(cosθ, E)dcosθdE (9)
where R and T are the duty cycle and lifetime of the IceCube experiment, respec-
tively. θ is the polar angle for the Earth (see Fig. 1), and θmax is the maximum
of θ. Φχ =
dψχ
dE
and (AΩ)eff (cosθ) = the observational area × the effective solid
angle × P(E,De(cosθ),D). Here
P (E,De(cosθ), D) = exp
(
−
De(cosθ)
Learth
)[
1− exp
(
−
D
Lice
)]
(10)
where P (E,De(cosθ), D) is the probabilities that UHE WIMPs and neutrinos in-
teract with ice after traveling a distance between De(cosθ) andDe(cosθ)+D, where
D is the effective length in the IceCube detecting zone in the ice, De(cosθ) are the
distances through the Earth, and Learth,ice are the UHE WIMP and neutrino in-
teraction lengths with the Earth and ice, respectively. In the present paper, I
assume that all UHE WIMPs and neutrinos detected by IceCube interact with the
ice within its volume. In what follows, I will make a rough study of (AΩ)eff (cosθ)
and then evaluate the numbers of UHE WIMPs detected by IceCube. Here I make
an assumption that the observational area of IceCube is regarded as a point in the
calculation of the effective solid angle Ω. Under this approximation,
(AΩ)eff (cosθ) ≈ P (E,De(cosθ), D)A
2piRe
2
De(cosθ)2
. (11)
where A is the observational area, Re is the radius of the Earth, De(cosθ) =
Re(1 + cosθ)
cosθz
. θz is the zenith angle at IceCube and θz = θ/2. And the observa-
tional area ≈ 1km2, D ≈ 1 km and R ≈ 100% at IceCube.
The background is mainly two sources: astrophysical and atmospheric neu-
trinos. The astrophysical neutrinos is estimated with a diffuse neutrino flux of
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Φν = 0.9
+0.30
−0.27 × (Eν/100TeV ) × 10
−18GeV −1cm−2s−1sr−1 [26], where Φν repre-
sents the per-flavor flux, by the above method. And The atmospheric neutrinos is
estimated with a flux of lgE2νΦν =
4∑
k=0
3∑
n=0
aknx
nyk by the same method [34], where
Φν represents the atmospheric neutrino flux, y = lg(Eν/1GeV ), x = cosθz and
coefficients akn are given in Table 1 in Ref. [34].
There is the presence of the Glashow resonance(on-shell W− via ν¯e + e
− →
W− → anything and its cross section is 5.02 × 10−31cm2) at 6.3 PeV and its
secondary particles develop into cascades at IceCube [35–38]. So this effect has to
be taken into account in the background estimation.
A mixture of all flavours of UHE neutrinos consists of two different event topolo-
gies(cascades and tracks) at IceCube. We can reject a part of neutrinos by distin-
guishing track-like events from cascade-like events. So the neutrino contamination
is actually less than the results of the calculation in the present paper. As the con-
servative estimation of background, however, I didn’t consider this event topology
identification in my calculation yet.
5 Results
In my work, the UHE WIMP and neutrino event rates are evaluated at energy
range of 10 TeV - 10 PeV at IceCube. Fig. 2 - 7 compare the galactic and extra-
galactic UHE WIMP event rates to the astrophysical and atmospheric neutrino
event rates corresponding to different θmax when τφ = 5× 10
21s, respectively. We
find that an energy threshold has to be set to reject neutrinos, since neutrinos are
more dominant in the events detected by IceCube at low energy(see Fig. 2 - 7).
Fig. 2 shows the WIMP and neutrino event rates at θmax =
pi
6
. In Fig. 2, we
find that UHE WIMPs can be detected by IceCube at energies above about 40
TeV, and their event rates are ∼2 event/year and ∼2 events/10 years at 40 TeV
and 10 PeV, respectively. Fig. 3 shows the WIMP and neutrino event rates at
θmax =
pi
3
. In Fig. 3, we find that UHE WIMPs can be detected by IceCube at
energies above about 100 TeV, and their event rates are ∼10 events/year and ∼1
event/year at 100 TeV and 10 PeV, respectively. Fig. 4 shows the WIMP and
neutrino event rates at θmax =
pi
2
. In Fig. 4, we find that UHE WIMPs can be
detected by IceCube at energies above about 110 TeV, and their event rates are
∼24 events/year and ∼3 events/year at 110 TeV and 10 PeV, respectively. Fig. 5
shows the WIMP and neutrino event rates at θmax =
2pi
3
. In Fig. 5, we find that
UHE WIMPs can be detected by IceCube at energies above about 130 PeV, and
their event rates are ∼40 events/year and ∼5 events/year at 130 TeV and 10 PeV,
respectively. Fig. 6 shows the WIMP and neutrino event rates at θmax =
5pi
6
. In
Fig. 6, we find that UHE WIMPs can be detected by IceCube at energies above
about 160 TeV, and their event rates are ∼63 events/year and ∼9 events/year at
160 TeV and 10 PeV, respectively. Fig. 7 shows the WIMP and neutrino event
rates at θmax = pi. In Fig. 7, we find that UHEWIMPs can be detected by IceCube
at energies above about 380 TeV, and their event rates are ∼925 events/year and
∼204 events/year at 380 TeV and 10 PeV, respectively.
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6 Conclusion and Discussion
According to the results described above, it is possible that UHE WIMPs are
directly detected with a detector like IceCube. Especially, the WIMPs with O(40-
100)TeV from the other side of the earth (that is θmax <
pi
2
) can be detected by
IceCube when τφ = 5× 10
21s.
Since the UHE WIMP flux Φχ is proportional to
1
τφ
, WIMP event rates are
actually depended on the lifetime of superheavy dark matter. If we assume the
superheavy dark matter φ can decay to SM particles, τφ is constrained to be larger
than O(1026-1029)s [20, 39–41] by diffuse gamma-ray and neutrino observations.
Fig. 8-10 show the WIMP and neutrino event rates are evaluated at θmax = pi
when τφ = 10
17, 1025 and 1026s, respectively. In Fig. 8, we find UHE WIMPs
can be detected at energies 10 TeV - 10 PeV at IceCube when τφ = 10
17s. In
Fig. 10, We find that WIMPs could not be detected at energies 10 TeV - 10 PeV
since neutrinos are more dominant in the events by IceCube when τφ is larger than
1026s.
In Fig. 9, we find the WIMPs can be detected by IceCube only at O(1PeV)
and their event rate is O(1) events/10 years when τφ = 10
25s after deducting the
Glashow resonance contamination at near 6.3 PeV. This is consistent with the
observations that there are three anomalous events at O(1PeV) in nine years of
IceCube data [24,25]. If they are actually UHE WIMPs, the lifetime of superheavy
dark matter may be ∼1025s. Fig. 11 shows the Signal to Background Rates(SBR)
at different energy and different θ when τφ = 10
25s. SBR =
NWIMP
Nν
, where
NWIMP and Nν are the event rates of UHE WIMPs and neutrinos detected at
IceCube, respectively. In Fig. 11, we find UHEWIMPs can be detected at energies
above ∼2 PeV and the neutrino contamination is down to O(10−5) at low θ and
high energy region(about 0◦ < θ < 65◦ and 8 PeV < E < 10 PeV). It is significantly
for the Glashow resonance to make an effect on this WIMP detection at near 6.3
PeV. There is the peak due to the UHE WIMP flux of the galactic center at about
56◦ in Fig. 11.
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Fig. 1: UHE WIMPs pass through the Earth and ice and can be detected by a
detector like IceCube, via Cherenkov photons due to the development of
cascades in the ice. θ is the polar angle for the Earth.θmax is the maximum
of θ
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Fig. 2: The UHE WIMPs and neutrino event rates are evaluated at θmax =
pi
6
at
IceCube
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Fig. 3: The UHE WIMPs and neutrino event rates are evaluated at θmax =
pi
3
at
IceCube
104 105 106 107
10-3
10-2
10-1
100
101
102
Ev
en
ts
 / 
ye
ar
Energy (GeV)
 Galactic and Extragalactic WIMPs
 Astrophysical and Atmospheric Neutrinos
Fig. 4: The UHE WIMPs and neutrino event rates are evaluated at θmax =
pi
2
at
IceCube
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Fig. 5: The UHE WIMPs and neutrino event rates are evaluated at θmax =
2pi
3
at
IceCube
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Fig. 6: The UHE WIMPs and neutrino event rates are evaluated at θmax =
5pi
6
at
IceCube
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Fig. 7: The UHE WIMPs and neutrino event rates are evaluated at θmax = pi at
IceCube
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Fig. 8: The UHE WIMPs and neutrino event rates are evaluated at θmax = pi at
IceCube, if τφ = 10
17s.
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Fig. 9: The UHE WIMPs and neutrino event rates are evaluated at θmax = pi at
IceCube, if τφ = 10
25s and the lifetime of the IceCube experiment is ten
years.
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Fig. 10: The UHE WIMPs and neutrino event rates are evaluated at θmax = pi at
IceCube, if τφ = 10
26s and the lifetime of the IceCube experiment is ten
years
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Fig. 11: the Signal to Background Rates are evaluated at different energy and
different θ, if τφ = 10
25s.
